Purpose. Klebsiella pneumoniae is a concern because of its multidrug resistance and the ability of hypervirulent types, especially capsular type K1-clonal complex 23 (K1-CC23), to cause community-acquired, life-threatening infections. Hypervirulent types carry an array of virulence genes including rmpA/rmpA2, coding for capsule up-regulation. We sought to identify isolates carrying these elements among submissions to the UK national reference laboratory during 2016.
INTRODUCTION
Community-acquired hypervirulent types of Klebsiella pneumoniae, especially clonal complex (CC) 23 of the K1 capsular type, have long been described, and affect healthy, often young individuals [1] . These strains carry virulence genes associated with life-threatening invasive disease, some of which are carried on large virulence plasmids (such as pLVpK [2] and pK2044 [3] , approximately 220 kb in size). Although generally susceptible to antibiotics, reports are appearing of increased resistance among such isolates [4] , with recent examples carrying the carbapenemase genes bla KPC-2 [5, 6] , bla NDM-1 [7] or bla OXA-48 [e.g. isolate Kp_Goe_154414 described by Bohne et al. 2017, with plasmids containing bla OXA-48 and virulence genes (NZ_CP018342.1 and NZ_CP018338.1, respectively)]. This combination of virulence and resistance is extremely worrying, raising the possibility of untreatable invasive infections.
Many nosocomial isolates of K. pneumoniae are notoriously resistant to antibiotics, and this species is strongly associated with carriage of carbapenemase genes [8, 9] . In particular, international lineages of sequence types (STs) 11 (of CC 258), 14, 15 and 147 were strongly linked with bla KPC, bla NDM or bla OXA-48 among isolates submitted to Public Health England's national reference laboratory during 2016 (AMRHAI, unpublished data). However, it is unusual to seek virulence genes among resistant isolates, so that the extent to which resistance and virulence genes are combined is largely restricted to observations among hypervirulent types.
Virulence genes in K. pneumoniae can be divided into groups of which the siderophore systems for scavenging for iron (yersiniabactin, aerobactin, colibactin and salmochelin), the bacteriocin microcin and capsule up-regulation genes (rmpA and rmpA2) are those most associated with invasive infection [8] . Most isolates of K1-CC23 carry multiple acquired siderophore systems. The salmochelin and aerobactin siderophores (iroBCD/iucABCD) and rmpA/A2 are generally associated with the large virulence plasmid. Other important genes include a ferric uptake operon (kfuABC), two-component regulator (kvgAS), fimbrial adhesion genes (e.g. mrkD), further iron metabolism genes (fepW, cobW, fur, feoB and fepC) and an allantoinase cluster [8] . Hypervirulent isolates are also strongly associated with genes for tellurium and other heavy metal resistance (terABCDEWXYZ, silCERS, pcoABCDERS, pbrABCR), again found in the large virulence plasmids pLVpK and pK2044; this characteristic has led to the suggestion that tellurite resistance may be used to screen for carriage of hypervirulent types [10] . In addition, Ye et al. identified a further 21 genes, mainly on the virulence plasmid, encoding other factors likely contributing to the hypervirulence phenotype (e.g. pagO encoding a PhoPQ-activated membrane protein required for virulence in Salmonella species; shiF, which promotes the transport of lysine, the precursor of aerobactin (iucABCD); and luxR, a quorum-sensing regulator controlling virulence gene expression) [11] .
We sought virulence genes among K. pneumoniae isolates submitted to Public Health England's national reference laboratory during 2016, initially screening using a multiplex PCR that detects various elements potentially associated with hypervirulence, including regulators of mucoid phenotypes rmpA and rmpA2 found on large virulence plasmids [12] . In addition, whole genome sequences of more than 300 carbapenemase-positive isolates of K. pneumoniae received during 2016 were available for analysis, providing a means to comprehensively survey this group for virulence factors. We also compared the virulence and resistance factors found in whole genome sequence data for an isolate of ST147 carrying bla NDM-1 and rmpA/rmpA2 with those for an isolate of K1-ST23 carrying bla OXA-48 .
METHODS

Isolates
One isolate per type per patient of all isolates of K. pneumoniae received from hospitals in the UK for typing during 2016 were included. Whole genome sequences of 330 carbapenemase gene-positive isolates were also available, of which 96 had not been typed. These consisted of one positive isolate per patient submitted for carbapenemase gene detection during the first half of 2016. In total, 1090 isolates from 1069 patients from 113 hospital laboratories were included. Isolates were not selected in any other way and were received for cross-infection investigation, capsular typing, susceptibility testing or carbapenemase gene detection services that the laboratory provides; it is likely that, as a result, carbapenemase gene-positive isolates are strongly over-represented.
Variable number tandem repeat analysis
Isolates were typed by variable number tandem repeat (VNTR) analysis at 11 loci (A,E,H,J,K,D,N1,N2,52,45,60) [12] [13] [14] using the primers listed in Table 1 . Loci A, E, H, J, K and N1 were amplified in separate reactions (20 µl) C for 10 min. Amplicons were separated on 1.5 % (w/v) agarose gels in 0.5 Â TBE and stained with GelRed (3 Â in 0.1 M NaCl). A 50 bp HyperLadder (Bioline) was used as the size standard. Loci D, N2, 52, 45 and 60 were amplified in a single reaction (25 µl) using fluorescently labelled forward primers for each target; reactions contained 4 pmol NED-DF, DR, 6-FAM-52F, 52R, 6-FAM-45F, 45R, VIC-60F, 60R, 6 pmol PET-N2F, N2R, 1 Â Qiagen Core kit CoralLoad PCR buffer, 200 nM of each dNTP, 1.5 U Platinum Taq DNA polymerase (ThermoFisher Scientific) and 2 µl crude DNA extract. Amplification was carried out in a BioRad T100 thermal cycler with the following conditions: initial denaturation of 95 C for 3 min, followed by 30 cycles of 94 C 30 s, 58 C 45 s, 72 C 1 min, and a final extension at 68 C 30 min. Reaction products were diluted 1 in 25 with water and 1 µl of the dilution added to 10 µl Hi-Di formamide and 0.5 µl LIZ600 (both GeneScan, ThermoFisher Scientific) and sized on an ABI capillary sequencer by Public Health England's Genomic Services and Development Unit. Results were analysed using PeakScanner software. Isolates were described by their repeat numbers at loci A,E,H,J,K,D,N1,N2,52,45,60 (in that order) deduced from the amplicon sizes.
Capsular typing and virulence gene detection Capsular types K1, K2, K5, K20, K54 and K57, wcaG (associated with K1, K16, K54 and K58 capsular types) and rmpA were sought by multiplex PCR as described previously [12] , with the addition of primers for two further targets; Kp50233 (a marker for K. pneumoniae sensu stricto) [15] and rmpA2 (rmpA2F 5¢-CTTAATCACACAGGGAAAT GC-3¢ and rmpA2R 5¢-CCGGCTATCAACCAATACTC-3¢). A separate PCR was also carried out for rmpA and rmpA2 for 20 isolates of ST147 (VNTR profile 5,3,5,14,14,2,4,2,5,3,6) and for all non-K1 isolates found positive for rmpA or rmpA2 to ensure that detection of either of these elements had not been missed. K2 isolates positive for rmpA/rmpA2 were further characterized by a multiplex PCR that also detects kpiA, nikA2, kphA and ykkD, enabling recognition of particular hypervirulent types [15] . Further virulence targets (ybtS, mrkD, allS, iutA) were sought as described by Compain et al. [16] , except that the K1 and K2 targets were omitted; isolate KpvST23_OXA-48 (shown by whole genome sequencing in this study to contain all these targets) was used as a positive control.
Whole genome sequencing
Whole genome sequencing on an Illumina HiSeq platform was carried out as described previously [17] . Virulence genes (allS, clbA-R inclusive, iroBCDN, iucABCD, iutA, kfuABC, kvgAS, magA, mceABCDEGHIJ, mrkABCDF, rmpA, rmpA2, ybtAEPQSTUX, nikA2) and heavy metal resistance genes pbrACR, pcoABCDERS, silCERS, terABC-DEWXZ downloaded from the multi locus sequence typing (MLST) website [18] were sought from available Illumina sequences for 330 carbapenemase gene-positive isolates. STs and carbapenemase gene alleles were identified using an inhouse bioinformatics pipeline; resistance genes were identified by comparing against an in-house curated library collated from publically accessible databases.
In addition, isolates KpvST147L_NDM and KpvST23L_OXA-48 were sequenced on an Mk1 minION using a FLO-MAP103 flow cell (R7.3 chemistry). Library preparation was by a 2D (two-direction) protocol using sequencing kit SQK-MAP006 as described previously [19] , following shearing of extracted DNA in a Covaris g-tube at 3600 r.p.m. (1217 rcf) or 4200 r.p.m. (1657 rcf), respectively. 2D yields were 672 and 432 Mb for the two runs, respectively. Depths of coverage of the Illumina sequences were 42.65 and 26.04, respectively. Analysis was carried out on the 2D pass reads using a combination of approaches; a hybrid Illumina/minION SPAdes assembly (using SPAdes 3.1.1) [20] , Canu (version 1.3) [21] and miniasm (version 0.2-r124-dirty) [22] assemblies. All virulence genes listed on the MLST site, as well as heavy metal and antibiotic resistance genes were sought from the SPAdes assembled sequences. To put together the virulence plasmid of KpvST147L_NDM, further analyses were undertaken. In order to provide optimum coverage, the 2D 'pass' reads, the 2D reads that had failed the quality metrics and the 1D (onedirection) 'fail' reads were corrected using the Illumina reads with MiRCA [23] and an assembly performed on the combined reads using miniasm. The nodes (SPAdes), tigs (Canu) and utgs (miniasm) produced by these methods were compared with each other and the individual long reads to put together the final sequence. The final assembly was checked against both the Illumina reads and uncorrected minION reads following mapping using last (minION reads, using the assembly as the reference) or bwa (Illumina reads) on a Public Health England Galaxy platform (NZ_CP018342.1) and viewed on Tablet 1.16.09.06 [24] . Sequences between 12 Table 1 . Primers used for VNTR analysis of K. pneumoniae at 11 loci Loci A, E, H, J, K and D were originally described by Turton et al. [12] , N1 and N2 by Al-Agamy et al. [13] and 52, 45 and 60 by Brink et al. [14] .
Locus
Primer Carbapenemase gene detection and antibiotic susceptibility testing Carbapenemase genes were detected by in-house multiplex PCRs [25, 26] . Susceptibility testing was by agar dilution, with the exception of susceptibility to colistin, which was determined by broth microdilution using MicroNaut colistin MIC strips with Micronaut Muller Hinton Cation adjusted broth (BioConnections). MICs were interpreted using European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints (www.eucast.org/clinical_ breakpoints/).
RESULTS AND DISCUSSION
Incidence of CC23 and rmpA/rmpA2-positive isolates During 2016, the laboratory examined 1090 non-duplicate isolates of K. pneumoniae from 1069 patients from 113 UK hospital laboratories. Of these, 12 (1.1 %) belonged to the K1 cluster of CC23 (VNTR profile 3,5,2,7,0,1,4,4,3,5,6/8), with one carrying a bla OXA-48 carbapenemase gene. The latter was isolated from faeces from an 85-year-old patient (with no indication of an Asian origin, with which this type has been particularly associated) from a London teaching hospital. No other carbapenemase gene-positive K1-CC23 isolates were detected in this study, although we noted an NDM-positive example of this type in 2015 [7] . The 11 other K1-CC23 isolates were mostly from patients in London hospitals (9; i.e. 10/12 in total), and were isolated from blood (8) , an abscess (1) or screening swabs (2).
Types of non-K1 rmpA/rmpA2-positive isolates Detection of rmpA and/or rmpA2 was not confined to representatives of K1-CC23, with another 24 isolates, each from a different patient, harbouring one or both of these elements ( Table 2) . Seven of the 24 non-K1 isolates carrying rmpA and/or rmpA2 were of capsular type K2, and were therefore likely candidates to carry virulence genes; most (4/7) were also from sites indicative of invasive disease (blood, hepatic abscess). Three were PCR-positive for nikA2 and kpiA, indicating that they belonged to the hypervirulent type ST86, while another was positive for nikA2 and ykkD, indicative of hypervirulent ST86 or ST375 [15] . Altogether, the K2 isolates were of four distinct types, with two of these types found from two and three patients, respectively. Notably, none belonged to ST14 (VNTR profile 6,3,4,0,1,1,2/3/4,1,4/5,2,3), the most prevalent K2 type that we received, but which is not generally associated with virulence [16] . A further isolate was of capsular type K54, which has also been associated with hypervirulence [27, 28] .
Most of the remaining rmpA/rmpA2-positive isolates did not belong to types associated with hypervirulence, but instead were strongly associated with resistance. Six isolates belonged to the 5,3,5,14,14,2,4,2,5,3,6 VNTR type corresponding to ST147; they also carried bla NDM, bla OXA-48, or both. Three isolates of VNTR type 3,3,3,0,1,1,4,1,5,2,7 (corresponding to ST15), from three patients from two different hospitals carried rmpA/rmpA2 and bla NDM . Further submitted isolates indicated that one of these patients had this type (with bla NDM and rmpA/rmpA2) for over a year, isolated from clinical samples (sputum/tracheal aspirates) in each case. Further, five isolates of VNTR profile 3,1,5,2,0,2,2/3,3,4,2,3 (corresponding to ST383) were also PCR-positive for rmpA/rmpA2 and bla NDM or bla OXA-48 . While many of the carbapenemase gene-positive isolates were from screening swabs, some were from wounds and sputum; one (of ST147) was from a bone fragment.
All 24 non-K1 isolates with rmpA and/or rmpA2 were also PCR-positive for iutA (from the aerobactin cluster) and mrkD; many (14/24) were also positive for ybtS (from the yersiniabactin cluster).
Virulence, heavy metal resistance and antibiotic resistance genes in ST23 and ST147 representatives (KpvST23L_OXA-48 and KpvST147L_NDM) All the virulence genes listed on the MLST website for K. pneumoniae [18] were sought from hybrid SPAdes assemblies of Illumina/minION sequences of one of the ST147 isolates from a London hospital (KpvST147L_NDM) and the K1-ST23 isolate carrying OXA-48 (KpvST23L_OXA-48), together with heavy metal and antibiotic resistance genes (the antibiotic resistance genes previously identified from a script run on the Illumina sequences) and additional virulence factors (cobW, feoB and fur) identified by Ye et al. [11] ( Table S1 , available in the online version of this article). This showed that isolate KpvST23L_OXA-48 carried 94 of the 96 virulence genes sought (all but kvgA and kvgS) and all 23 heavy metal resistance genes. However, apart from bla OXA-48 , which was in a contig of 69 086 bp, likely to be the major part of IncL plasmid pOXA-48a, it contained far fewer resistance genes than isolate KpvST147L_NDM, carrying only genes encoding the beta lactamase SHV-11, and intrinsic quinolone resistance genes oqxA and oqxB. In contrast, isolate KpvST147L_NDM carried only 26/96 of the virulence genes sought (the aerobactin cluster iutA, iucABCD, rmpA, rmpA2, kfuC, mrkABCDFHIJ, cobW, feoB, fur and 7/13 of the further genes identified by Ye et al. [11] that were sought) and only the tellurium heavy metal resistance genes (9/23). In addition to bla NDM-1 , we also identified genes encoding four other beta-lactamases (CTX-M-15, OXA-9, SHV-11 and TEM-1), aac(6¢)-Ib, armA and aph(3¢)-VIb, conferring resistance to one or more aminoglycosides, quinolone resistance determinants oqxA, oqxB and qnrS1, sul1 and sul2, conferring 
Virulence plasmid in KpvST147L_NDM
The complete sequence of the virulence plasmid (pKpvST147L) containing rmpA and rmpA2 in isolate KpvST147L_NDM was also determined using a combination of Illumina and minION reads. A miniasm assembly using all the minION reads (both '1D' and '2D') after correction with the Illumina reads by MiRCA gave a circular contig of approximately 325 860 bp. This, together with the Canu and miniasm contigs assembled from the uncorrected '2D' min-ION reads and the long reads themselves was used as a scaffold to assemble the 'nodes' from the hybrid SPAdes assembly using the minION '2D' reads and the Illumina reads into a circular sequence of 343 282 bp (GenBank accession number CM007852). SPAdes contigs of KpvST23L_OXA-48 were also generated using a combination of minION and Illumina reads and the two main contigs (NODE_14 length 124 330 bp and NODE_3 length 474027) associated with virulence plasmid genes identified by comparison with pLVpK (AY378100) and pK2044 (AP006726).
The pKpvST147L virulence plasmid had large sections in common with those from isolates of ST23 (e.g. with pLVpK, pK2044 and pKp_Goe_414-2 (CP018338), which cover 37-39 % of the sequence), but had most similarity with pRJF999 (CP014011), which covers 40 % of the sequence. It contains the tellurium resistance genes terABCDEFWXYZ, aerobactin genes iutA, iucABC, rmpA2 and rmpA and many of the additional virulence genes identified by Ye et al. [11] (luxR, pagO, shiF, genes encoding hemin, lysozyme inhibitor and putative SAM-dependent methyltransferases). In common with pK2044 and other plasmids from representatives of K1-ST23, pKpvST147L also contains iron metabolism genes fur, cobW and feoB. In addition, and in contrast to isolates of K1-ST23, it contains the antibiotic resistance genes sul1, sul2, armA, dfrA5, mph(A) and aph(3¢)-VIb (Fig. 1) . There was at least one long read (ch115_read2644) of 17 549 bp connecting aph (3¢)-VIb and the tellurium resistance genes terW, terX, terY, confirming that they were in the same element. This is important, since selection for isolates carrying the plasmid by relevant antibiotics will also select for virulence characteristics. The virulence plasmid of another isolate of ST147 (from Germany) pKp_Goe_304-1 (CP018720) has much in common with this one, pKpvST147L covering 80 % of CP018720 and CP018720 covering 58 % of pKpvST147L. In particular, they share the tellurium resistance genes, a region coding for conjugal transfer proteins and plasmid transfer protein (249537-264933 corresponding to 171069-190965 of CP018720), but not rmpA, rmpA2 or the aerobactin genes. The top seven (of more than 200) areas of matches with this plasmid identified by BLAST (https://blast.ncbi.nlm.nih.gov) are marked in dark blue in Fig. 1 .
||Patient previously in hospital in Egypt, or from Egypt. ¶A blank in this column means that the isolate was negative in the multiplex PCR for capsular types K1, K2, K5, K20, K54 and K57. #N/A, not applicable to non-K2 isolates. **SSTI, skin and soft tissue infection. † †nikA2, ykkD positive result indicative of hypervirulent ST65 and ST375 among K2 isolates [15] .
Virulence genes in further rmpA/rmpA2-positive carbapenemase gene-positive isolates In total, 80 virulence and heavy metal resistance genes were also sought from a further ten rmpA/rmpA2-positive isolates carrying a carbapenemase gene(s) for which Illumina sequences were available (Table 3) . This confirmed that, in common with KpvST23L_OXA-48, all 11 non-K1 rmpA/ rmpA2-positive isolates for which whole genome sequences were determined carried the virulence plasmid-associated aerobactin cluster, rmpA and/or rmpA2 and the tellurium resistance genes. Five of the 11 isolates carried the yersiniabactin cluster, while two carried copper and silver resistance genes; the iron uptake operon kfuABC was also found in these two isolates.
Virulence genes in rmpA/rmpA2-negative carbapenemase positive isolates To investigate the incidence of genes associated with virulence in K. pneumoniae among further isolates carrying carbapenemase genes, but that were PCR-negative for rmpA/ rmpA2 during 2016, virulence/heavy metal resistance genes were sought from available Illumina sequences of a further 318 isolates, consisting of a representative from every patient from whom a carbapenemase gene-positive isolate of K. pneumoniae had been submitted to the national reference laboratory during the first 6 months of 2016. These consisted of diverse types of which STs 11, 147, 14 and 231 were the most common (Table S2 ). The virulence gene profiles were relatively consistent within a type, despite representatives mostly originating from multiple hospitals and carrying a range of different carbapenemase genes, some remarkably so. For example, the microcin mce genes were only found in representatives of STs 405, 268 and 231; 5/5, 4/5 and 2/2 representatives of these types carried these genes, respectively. The two-component regulator kvgAS was also only found in representatives of ST405 (4/5) among the 15 most common type groups in this set. Similarly, the ferric uptake operon kfuABC was only found in representatives of STs 14/78, 15, 231 and 405 in this group; all 71 representatives of these types carried these genes. All representatives of STs 20, 45, 253 and 834 shared the same virulence profile as other representatives of the same type.
The vast majority of isolates carried the mrk fimbrial adhesin genes (301/318). Approximately half of isolates carried the ybt cluster encoding the yersiniabactin siderophore system (158/318), this being common among representatives of STs 14/78, 15, 45, 101, 147, 231, 258, 268 and 834. The colibactin cluster genes (clbA-R) were only found in representatives of ST258 (2/3) in this set. The aerobactin gene cluster and allantoinase gene allS were rare (in 11 and 5 isolates, respectively, the former all belonging to ST231, the latter all from sporadic strains). This is not surprising given that both rmpA/rmpA2 and iutA/iucABCD are associated with pLVpK-like virulence plasmids and allS is an excellent marker for K1-CC23 [8] . However, the tellurite resistance genes, also associated with virulence plasmids, were found in significantly more isolates (59), mainly belonging to ST 14/78. The copper and silver resistance gene clusters were common, being found in 202 and 201/318 isolates, respectively, including all representatives of STs 20, 253, 258, 268, 307, 405 and 834 and most representatives of ST11 [and single locus variants (SLV)], with all but one isolate carrying the pco copper resistance genes also carrying the sil silver resistance genes. Salmochelin genes (iroN, iroBCD) were not found. Thirteen isolates were positive for nikA2; these belonged to STs 405 (4), 323 (3), 321 (2), 915 (2), 218 (1) and 1727 (1). The isolates were mainly from faeces/rectal screening swabs (191/318) and only included 20 blood isolates. Among the blood isolates, 11/20 carried the yersiniabactin gene cluster, a similar proportion to that found in the whole set. The virulence profiles of these isolates were consistent with their type and did not appear to vary with source of isolate.
Antibiotic susceptibilities, context and significance
We have sought hypervirulent types and virulence elements for many years [12, 29] . Our results have shown that we have continued to receive representatives of the hypervirulent types K1-ST23, K2-ST86 and K2-ST65/ST375 from UK hospitals during 2016, but fortunately in small numbers. On two occasions, in 2015 and 2016, representatives of K1-ST23 carried carbapenemase genes (bla NDM-1 or bla OXA-48 ); both were isolated from faecal/rectal swab screening. This source may seem surprising, given that these types are associated with invasive disease, but intestinal colonization appears to be a critical step leading to infection [30, 31] . The OXA-48 positive example (KpvST23L_OXA-48) was susceptible to most non-ß-lactam antibiotics, but the NDM-positive representative from 2015 was resistant to most antibiotics, with susceptibility only to colistin and tigecycline [7] .
However, it is clear that, among isolates typed by our laboratory in 2016, virulence genes are by no means confined to the known hypervirulent types, with some representatives of types strongly associated with antibiotic resistance also possessing them; they were found among a wide range of types of carbapenemase gene-positive isolates we screened. In particular, we noted carbapenemase gene-positive representatives of STs 15, 147 and 383 carrying rmpA/rmpA2 and the aerobactin siderophore system cluster, associated with virulence plasmids; there was evidence for patient-to-patient transmission in one of the hospitals affected. KpvST147L_NDM was studied in the most detail and found to contain approximately a quarter of the complement of virulence genes found in KpvST23L_OXA-48. Holt et al. [8] observed that the effect on virulence of acquiring iron-scavenging genes is not dependent on strain background or on specific combinations of siderophores, concluding that the acquisition of any one of the siderophore clusters increases the risk of severe infection. ). ST147 and SLV 392 were also widely associated with the yersiniabactin siderophore cluster with 36/46 isolates examined positive for genes in this cluster and 3/6 rmpA/rmpA2-positive isolates of this type carrying them; one patient with OXA-48-positive ST147 (P11_SE1_ST147) that was also positive for rmpA/rmpA2 and the aerobactin and yersiniabactin clusters was noted as having abscesses. This isolate, in common with P8_L9_ST147, was resistant to colistin (MIC 8 mg l
À1
) as well as the other antibiotics with susceptibility only to tigecycline. It has been reported that colistin-resistant mutants of K1-ST23 exhibited decreased formation of capsular polysaccharides, impaired virulence and a significant fitness cost [32] ; however, there was no evidence of similar reduced fitness in this colistinresistant representative of ST147, since the patient was suffering from abscesses.
Likewise, ST15 (and SLV) was strongly associated with yersiniabactin with 12/17 representatives positive for the cluster, including two of the three also carrying rmpA/rmpA2 and the aerobactin cluster. Again, the rmpA/rmpA2-positive representatives examined were resistant to almost all the antibiotics tested; there was susceptibility only to colistin and tigecycline. Notably, both representatives of ST383 carrying rmpA/ rmpA2 tested (P19_L8_ST383 and P22_NE1_ST383) were resistant to colistin (MIC 32 mg l
) with susceptibility only to tigecycline; there was also susceptibility to ceftazidime/ Table 3 . Virulence and heavy metal resistance genes detected in whole genome sequences of 12 rmpA/rmpA2-positive isolates carrying carbapenemase genes, including KpvST147L_NDM (ST147) and KpvST23L_OXA-48 (K1-ST23), from UK hospitals during the first 6 months of 2016
Isolates were listed according to type, with isolates sharing the same ST or VNTR profile combined. Genes detected with 100 % coverage and more than 90% identity compared to the reference sequences were listed as that gene while those detected with 90-99 % coverage and >80 % identity were listed with an asterisk after the gene name. avibactam for P22_NE1_ST383, but not for P19_L8_ST383, in line with that this would not extend to strains with NDM or other metallo-carbapenemases.
The yersiniabactin gene cluster is mobilized by integrative conjugative elements; plasmid-encoded yersiniabactin has also been described [33] . These mechanisms of transfer between strains would explain the widespread finding of these genes in multiple lineages in this study. Virulence plasmids in K. pneumoniae, however, are very large (200 kb or more) and would therefore be regarded as nonmobilizable; this would explain their strong association with particular hypervirulent types. Struve et al. [34] carried out phylogenetic analysis of virulence plasmids in K1 and K2 isolates and found that they formed two distinct branches, concluding that 'the virulence plasmid was acquired only once by each clone, followed by clonal dissemination within the distinct lineages'. Nevertheless, it is clear that virulence plasmids are being found in a growing number of types, suggesting that acquisition is occurring, albeit at a very low frequency.
Others have also described virulent and resistant representatives of ST11, another high-risk international clone, some described as being positive for magA, the marker for the K1 capsular type [35] [36] [37] . Further, a hypervirulent isolate of the K1 capsular type belonging to ST661 (an unusual type) has been described carrying the plasmid-borne colistin resistance gene mcr-1 [38] . We did not detect a mcr gene in any of the whole genome sequences of the isolates in this study, suggesting that, for those isolates that were resistant to colistin, the mechanism of resistance was not plasmid-mediated.
Our laboratory receives enhanced numbers of submissions of carbapenemase gene-positive isolates, and perhaps also of hypervirulent isolates, since we offer services to detect both of these. Had this not been the case, and had we not sought virulence factors among both clinical and screening samples, we might not have been alerted to these isolates that combine both characteristics. It is difficult to estimate prevalence from our data, nor did we set out to do so; as the national reference laboratory, we might expect to receive a significant (but undefined) proportion of isolates from cases of liver abscesses due to K. pneumoniae, but would be oblivious to carriage of hypervirulent types among healthy individuals. Although our numbers will be an underestimate, in a country with a population of approximately 66 million inhabitants in 2016, it is clear that these cases remain rare. Other studies in the USA and Canada have estimated a hospital prevalence of isolates with hypervirulent characteristics of 6.3 and 8.2 %, respectively [39, 40] . Our results, both from a structured surveillance study of consecutive bloodstream isolates carried out in 2013 from nine hospitals (AMRHAI, unpublished results) and the current study from a variety of specimens, gave an isolate prevalence of 3.3 % rmpA/rmpA2-positive isolates. However, our study, in contrast to the others, picked up carbapenemase-gene-positive isolates also carrying a virulence plasmid.
In summary, our results highlight that there is movement of virulence genes into K. pneumoniae types that are high-risk for acquiring antibiotic resistance, including on virulence plasmids, and that known hypervirulent types are also acquiring resistance genes. The fact that hypervirulent K. pneumoniae are associated with potentially fatal, community-acquired infections in previously healthy people, including liver abscesses, pneumonia, meningitis and endophthalmitis with the ability to metastatically spread, combined with the fact that some isolates of K. pneumoniae are resistant to almost all antibiotics, with even resistance to colistin increasing [38, 41] warrants urgent surveillance of this worrying trend. It is important for clinicians to recognize these isolates, not only for the patient concerned, but also so that every effort can be made to contain them; appropriate and limited use of antibiotics only when required is also essential.
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